This presentation will concentrate on the emerging field of flow cytometry. The first portion will be a review of the state-of-the-art applications of flow cytometry in the field of biomedical research; the second portion will describe the results of a preliminary study using a published technique that is useful in detecting cellular perturbations in germ cells. The model used in this study was the testis from the Sprague-Dawley rat. Adult rats received a single bolus of busulfan, and their testes were examined up to 56 days postadministration.
measured in microseconds, but due to the intensity of the light, a tremendous amount of fluorescence or light scatter can be ascertained in that amount of time.
The typical flow sorter collects light using two types of light detectors. The first variety is called a forward angle light scatter detector. This detector characterizes the amount of light scattering created by the particle interrupting the laser beam. This information can be used to measure features such as cell size and shape. Most of the information of interest, however, is collected by a series of 90" detectors, called photomultiplier tubes. These photomultiplier tubes are routinely used to collect the fluorescence emitted by the particle being examined, and can operate independently to assess and quantify a variety of fluorescent emissions.
Another feature of a flow sorter is its ability to perform high-purity sorting of samples. If the particle that interrupted the laser beam a few microseconds ago is from the population to be sorted, the computer deflects the particle away from the mainstream of flowing particles. This is accomplished by breaking the stream into a series of microdroplets and trapping the particle of interest within one of these microdroplets. The computer times the flow of these microdroplets, and charges the droplet containing the particle to be sorted either negatively or positively. With the use of magnets, the particle contained within the charged microdroplet is then deflected away from the mainstream and collected. Commercial flow sorter systems can sort two populations simultaneously (positive and negative) with a purity exceeding 99%. The remaining particles will end up in a waste chamber for elimination. Figure 2 shows the EPICS 753 flow cytometry system we have purchased. This is a dual laser research flow sorter, manufactured by Coulter Corporation (Hialeah, FL). The lasers are two 6 watt argon ion lasers, manufactured by Coherent Laser Products Division (Palo Alto, CA). A variety of commercially produced clinical flow sorters and analyzers are also available. Although they perform fewer functions than a research flow sorter, they are capable of performing rapid analyses of clinical material, such as AIDS monitoring, hemogram analysis, and tracking of cancer cells. The features of research flow sorters are detailed below.
Characteristics of a commercial flow sorter
Rapid analysis and sorting speeds. These flow sorters can analyze cells at rates in the thousands per second, with maximum speeds approaching 10,000 eventdsec with commercial instruments. Some home-made flow sorters have attained analysis rates in the realm of 50,000 eventdper sec. The EPICS 753 flow sorter can perform cell sorting at rates up to 5,000 cells/sec, while still obtaining purities exceeding 999/0. Since the analyses are performed very rapidly, a large number of samples can be processed in a short period of time. In addition, since large numbers of cells can be analyzed, a more powerful statistical analysis of the data can be performed. Day-to-day and sample-to-sample variations are minimal with repeat analyses.
Highly sensitive fluorescence detection. Commercial flow sorters can detect as few as 700 fluorescein molecules on the surface of a typical cell. With reported advancements in the field of optical design, there are speculations that future flow sorters will be able to detect as few as 50 fluorescein molecules on the surface of a typical cell. This resolution could be achieved using more conventional light sources. Elimination of subjectivity in data analysis. Since the information gathered is based solely on the content of fluorescence or amount of light scatter, the empirical elements inherent in conventional interpretations of fluorescence or other staining characteristics are eliminated from these analyses.
Multiparameter analyses. Flow sorters can measure a variety of cell characteristics simultaneously, on a cell-to-cell basis. The EPICS 753 flow cytometer can measure up to seven parameters per cell, making it possible to perform four-color analyses. The variety of parameters that can be assessed are listed in Table 1 . "Intrinsic" characteristics, as described by Shapirotl) refer to inherent properties of a cell that do not need the addition of an external probe, such as a dye, to be defined. For example, cell size and shape can be determined from the amount of light scatter produced by unstained cells. Most of the characteristics that are routinely assessed, however, involve the application of external agents, and are called "extrinsic" characteristics by Shapiro. Examples of these applications include the use of fluorescent monoclonal antibodies, and determination of cellular DNA and RNA content with specific stains.
Data analysis: one and two parameter histograms
Most of the data from flow cytometric analyses are presented in the form of histograms. Figure 3 is a schematic diagram of a variety of histograms that can be generated with software programs currently available. The most commonly used histograms are single parameter histograms, such as the simple logarithmic analysis of forward and 90" light scatter represented on the lower portion of Figure 3 . In these one parameter analyses, the X axis represents an increasing amount of whatever property is measured; the Y axis represents increasing cell numbers. Alternatively, it is possible to compare two parameters simultaneously by placing one of these on the X axis, the other on the Y axis, and using the Z axis to represent increasing cell numbers. This generates two possible types of dual parameter histograms: a three-dimensional histogram such as the one in the center of this illustration, or the one on top, which projects down on the three-dimensional histogram and is called a "contour display." In this latter type of histogram, the Z axis contains a series of contours or levels that represent an arbitrary number of events for each particular level selected. With "dot" histograms, the contours are represented by an increasing intensity of the shading of dots. A very pale dot may represent a site where only single cells were found, whereas darker dots represent increasing numbers of cells that fell within that particular domain.
These are some of the highlights of flow cytometers that make their purchase attractive, despite their high initial cost. In addition, most of the procedures published for flow cytometric application are simple to perform. They do not demand a large time commitment on the part of the technician to master these skills. At Merck Sharp & Dohme, we have a number of technicians participating in a variety of projects at our flow cytometry laboratory.
ASSESSMENT OF THE ADULT RAT TESTIS USING A DUAL PARAMETER FLOW CYTOMETRIC TECHNIQUE

Background information
The protocol used for assessing perturbations in the rat testis is from an article published by Darzynkiewicz et al.(*) An elaborate procedure was devised for the simultaneous assessment of Testes are stripped of overlying tunica and gently minced in medium. All work is performed on ice.
Cells are filtered through a series of nylon filters of decreasing pore size.
Cells are counted and diluted to a final concentration of 106 cells/ml.
A 0.2 ml aliquot (2 X lo5 cells) is transferred to a small test tube, to which is added a solution of Triton X-100, HCl, and NaCl. The cells are incubated for 15 sec on ice.
A second solution containing acridine orange, EDTA, NaCl, and citrate is added. The cells are then analyzed on the flow sorter during the next 20 min period (equilibrium time).
From ref.
2.
DNA and RNA in cells. The stain used is a metachromatic dye called acridine orange. Acridine orange binds to double-stranded nucleic acids, intercalating between the helices, and emits a green flourescence when excited by 488 nm light. However, if the nucleic acid is reduced to a single-stranded conformation, the acridine orange will complex with each strand, forming a precipitate that will phosphoresce a red color when excited by 488 nm light. In the procedure developed by Darzynkiewicz, all double-stranded RNA is selectively denatured ,to a single-stranded status, but all DNA is retained in its native, double-stranded conformation by treatment with chelating agents to disrupt ribosomal structure. Thus, a green color after addition of acridine orange signifies that the dye has intercalated between DNA (double-stranded), whereas a red color signifies all acridine orange that has precipitated along areas of RNA (single-stranded).
A detailed review of the procedure used by our laboratory is provided in Table 2 . The testes of rats are stripped of overlying tunica and are gently minced in medium. The cells are then filtered through a series of nylon filters to remove debris and to create a single cell suspension. The yield of cells is determined, and a final concentration of 1 million cells/ml is created. An aliquot of this sample is transferred to a small test tube to which is added a solution of Triton X-100 to make the cells permeable. The solution is adjusted to a low pH, which serves several functions: it permits the cells to be permeabilized without overt lysing; it also maintains the integrity of all nucleic acids, while making DNA more accessible to ultimate staining with acridine orange by denaturing nuclear proteins, specifically the core histones of nucleosomes.
During the second step of this procedure, all RNA is selectively denatured to a singlestranded conformation by two conditions: the addition of chelating agents such as EDTA and citrate, which degrade ribosomes and thus unmasks all ribosomal RNA, and the use of low ionic conditions that denature the less stable RNA double helix while the more stable DNA double helix remains unaffected. Figure 4 shows an example of a dissociated testis that has been processed as described. A variety of cell types are apparent, and individual cells are recognizable. RNA content. If mature spermatozoa were to be analyzed, they would be present on this histogram as an eighth population, located nearest to the origin of these axes. Figure 6 shows data from the adult Sprague-Dawley rat testis studied by our laboratory. In the adult rat testis, the same seven populations are seen that were reported in the adult mouse testis by Janca. Also presented here are the single parameter DNA and RNA histograms. Table 3 presents the cell distributions observed with these samples from adult rat testes. All cells present in populations 1 
Effect of busulfan on the adult rat testis
Busulfan is an alkylating agent that is known to be cytotoxic to testicular stem cells.(s) The length of the spermatogenic cycle in the adult Sprague-Dawley rat is 5 1.6 days.(6) The duration of this exploratory study was for 8 weeks after administration of a single bolus of busulfan orally that was sufficient to be cytotoxic to testicular stem cells. Interim sacrifices were performed to assess the effect of this perturbation upon all spermatogenic stages as a function of time. Figure 7 shows a summary slide of this experiment. On the top are the results from a representative control rat analyzed during the course of this study. The five lower histograms represent testicular cells from rats that received a single bolus of busulfan and were sacrificed on day 11, day 20, day 29, day 35, or day 56. Busulfan was administered at a dosage of 20 mg/kg, which is below the recognized LDso of this drug in the rat (40 mg/kg), but was nonetheless fatal to drug-treated rats. Most rats died around 2 weeks after administration. The number of rats analyzed during each of the remaining time points was affected by this: five animals were studied on day 11; three animals were studied on days 20 and 29; two animals were studied on day 35; and three animals were studied on day 56.
Note the changes detected with these histograms of drug-treated rat testes. Fewer cells are present in populations 1 and 2 on days 11 and 20. By day 35, nearly all cells are missing from this region of the histogram, but by day 56 there appears to be a partial repopulation of this region, particularly population 2. Populations of spermatids (fractions 5-7), which make up the largest proportion of testicular cells in the normal adult rat testis, do not experience any significant changes until day 56, when an almost complete and profound elimination of their numbers results. Thus, 56 days after busulfan administration, few cells are present in the testis from the 4C DNA populations or from the spermatid populations. 7) is significantly below that of the control testis (7.2 f. 0.6). Histograms of testicular cells evaluated at day 29 (Fig. 9) show a more profound impact on the relative depopulation of fractions 1 and 2 in the drug-treated testis (0.6 k 0.3 vs. 7.2 k 0.6 for controls). Histograms of testicular cells evaluated at day 56 (Fig. 10) show that the spermatids are gone and that there appears to be some regeneration of the cells present in populations 1 and 2, with most of the recovery occurring within population 2. Figure 1 1 summarizes the changes observed with busulfan-treated rat testes. The mean values & standard deviations are presented. Note that the percentage of cells in populations 1 and 2 in drug-treated rat testes is significantly depressed below the control level at day 11, and proceeds down almost to zero at later time points, showing some recovery by day 56. Populations 5-7 show no major changes in the drug-treated rat testes until day 56, when they are uniformly eliminated. At this time point, there is a relative abundance of populations 3 and 4 in busulfantreated testes as a consequence of severe depletion of all other cellular populations.
Figures 12 and 13 document that in busulfan-treated rat testes, the percentage of cells in populations 2 and 4 is significantly less than that found with control rat testes as early as I 1 days after drug administration. If we assume that the dose of busulfan administered was exclusively cytotoxic to testicular stem cells, these data indicate that a significant number of stem cells and early-type spermatogonia appear to reside in these two populations. 
DISCUSSION
Dr. Meistrich: Jules, that was very impressive, showing the changes observed using flow cytometry, which is a very sensitive technique. One thing that could even add some more to it is that all your data were expressed as percentages of total cells. Busulfan also knocks down the testis mass and total cell number of the germinal, but not the nongerminal cells. Have you also measured the yield of cells per testis in all the different experiments?
Dr. Selden: No. This is merely an exploratory study. We have salvaged the contralateral testis of all drug-treated rats for future studies, such as the idea that you suggested. Our desire with this study was just to be able to explore simple questions, such as, "Do we see any changes with this technique?' and "When are the changes first observed, and is this an improvement over existing methods?' Future efforts will involve pursuing this and additional studies in more detail.
Your question concerning cell quantities present in these drug-treated testes can be addressed using the flow sorter. It is more involved, however, in that we have to add beads or other internal standards to our samples to extrapolate the information desired. So, it is doable, but I would rather use more classic methods for that type of assessment.
Dr. Meistrich: Right. We have all considered the problem of adding beads in standardizing, but, very simply, when you prepare the cell suspension to take an aliquot and count it in the cytometer, you get your yield of cells per that testis.
Dr. Selden: Only if you know the exact amount of tissue going through the flow sorter during the analysis. This would be difficult or impossible to determine with our instrument.
Dr. Amann: Is it possible that you could take and similarly examine testicular tissue from rats that have very few germ cells, that is to say, day 18 rats, which would allow you then to establish the background noise of DNA and RNA content of those diploid non-germ cells, so you could then gate out what presumably are these cells from the samples you analyze of adult rat testes?
Dr. Selden: Not by this technique, according to what has been published. However, an alternative flow cytometric method using mithramycin has been reported that claims to separate seven or eight fractions in the testis, one of which contains exclusively non-germ cells. I believe that the overlap between identical DNA and RNA content in germ and non-germ cells with this FLOW CYTOMETRY OF SPERMATOGENESIS techiqiie would be significant enough that we would be compelled to perform a series of experiinents to determine the range of non-germ cells present in our samples.
Dr. .Arnann: You also expressed concern in one of your earlier slides that if you had looked at epididymal sperm from the rat, that population 7. the one down in the lower left corner, would drop clown further towards the origin. That shouldn't happen, though, should it? Because DNA content should remain there. You shift a little bit to the left as you lost RNA, but the DNA content should not descend.
Dr. Selden: I did not mean to imply that population 7 should descend any further. Population 7 should stay where it is, but with the further changeover of chromatid constitution during spermi,ogenesis while the sperm reside in the epididymis, their histone proteins are ultimately replaced by protamines. This results in the DNA becoming even more condensed, and thus less accessible to staining by acridine orange with the conditions used by the technique described. Thus (epididymal sperm would be seen as a distinct, eighth population, located closest to the origin of the axes in these histograms.
